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ABSTRACT 


Using the results from geostrophic current calculations 
made along latitude sections sampled during the International 
Geophysical Year (IGY; 1957-58), the circulation above and 
below the level of no motion is evaluated quantitatively 
for the region between 8°N and 40°N in the Atlantic Ocean. 
The geostrophic current calculations have been based on a 
reference level of no motion established by a requirement 
of mass and salt flux continuity across each of the latitude 
sections (40°N, 36°N, 32°N, 24°N, 16°N, and 8°N). Current 
calculations extend to near bottom across each section. 

Comparisons are made with the actual current observations 
available for localized regions and with earlier calculations 
να μας circulation. 

There is considerable evidence that a geostrophically- 
calculated description of the North Atlantic general circu- 
lation, based on a level of no motion that lies near 1100m, 
compares favorably when compared to past transport estimates, 
past descriptions of the general circulation, and direct 
current measurements while having the singular advantage 
of maintaining the necessary continuity of total mass 


transport in the ocean. 
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ISZSTNEROBDUCTION 


The heat budget of the earth is characterized by a net 
gain of heat at the equatorial region and a net loss of 
heat at the poles. Since these areas are not becoming 
progressively warmer or colder it is apparent that excess 
heat is being transported by various mechanisms from the 
equator στα, Studies of the oceanic contribution to 
this transfer of heat have been made in recent years (Jung, 
mee SbUdyYKO, 1956; Sverdrup, 1957; Bryan, 1962; Sellers, 
1965; Vander Haar & Oort, 1973). In his 1974 Master's 
Thesis Greeson developed a computer program capable of 
determining heat flux from hydrographic data across an 
extensive ocean section. By varying the level of no motion 
along an ocean section, in this case an ocean cross section 
along a near constant latitude, it 1s possible to determine 
values of heat flux where the requirement is met that the 
net fluxes of mass and of salt are zero. Greeson examined 
a Single latitude section, 40°N, for mass, salt, and heat 
flux. By applying his computer program to the series of 
quasisynoptic latitude sections of hydrographic data from 
the International Geophysical Year (IGY; 1957-58) it is 
possible to examine the general circulation of the North 
Atlantic in terms of mass conservation across individual 
sections and mass continuity between separate sections. 


The extent to which this circulation picture correlates 





with known circulation features, directly-measured currents, 
and other measured and calculated estimates of transport 
will provide an indication of the validity of this particu- 
lar study and of associated studies involving salt flux 
and heat flux in the North Atlantic using the same data 
and method. 

The most distinguishing feature of this approach is 
the location of the level of no motion. Except in shallow 
areas where it is located on or near the bottom, it is 
located between 900 and 1300 meters with the vast majority 
of the values (93%) falling within the zone of 1000m to 
1100m. South of the 40°N section, where most values fall 
between 1100m and 1200m, 96% fall between 1000m and 1100m. 
Tests that changed the level of no motion by 50 or 100 
meters on either side of the selected level showed results 
that do not meet the mass or salt continuity requirements. 
It was clear that greater departures would bring greater dis- 
crepancies. Sverdrup et al. (1942) and Bowden (1954) advocated 
the application of continuity considerations to selection 
of the level of no motion as ideal provided that sufficient 
data existed. In describing the continuity approach, Bowden 
says "... For example, the flow of water at various bands 
Of latitude in the North Atlantic must be such that, on 
the average, the net flow from surface to bottom is zero 
since no appreciable amount of water can be accumulated 


or removed from the North Atlantic which is practically 
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closed at the northern end." It should also be clear that 
no mass or salt can be accumulated within such an ocean 
vertical cross section, nor can a net depletion occur. 

As will be shown, there is substantial evidence both 
in the literature and in the results of this study to 
indicate that the elusive level of no motion may be in the 
vicinity of 1100 meters in the open ocean, even where strong 


currents exist. 
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II. BACKGROUND 


A. LEVEL OF NO MOTION 

The question of reliability of dynamic calculations in 
general is inseparable from that of the determination of a 
suitable reference surface, or level of no motion, by which 
to transform relative into absolute velocity. Greeson 
(1974) provided an in-depth discussion of the various 
methods which have been used for determining the level of 
no motion. Using the method first advocated by Sverdrup 
et al. (1942) which requires selection of a level of no 
motion such that the net mass transport across an ocean 
section is zero, Greeson arrived at a level of no motion of 
1100-1300m for the 40°N IGY ocean section. Through the use 
of a computer, he was simultaneously able to meet a require- 
ment for a net salt flux of zero across the section. 
Application of Greeson's computer program to the IGY data 
for 36°N, 32°N, 24°N, 16°N, and 8°N yielded a similar result 
(1000-1100m) for the level of no motion in these sections. 

A literature survey on this subject reveals conflicting 
evidence as to the location of this reference level. Vir- 
tually all of the recent discussion on this subject centers 
around its location in the region of the Gulf Stream. 

One who subscribes to the idea of a level of no motion 
in the vicinity of 1100m can find solace even among the 


results of those who advocate a much deeper location. 
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Swallow and Worthington (1961) made estimates of the 
level of no motion beneath the Gulf Stream through the use 
of neutrally buoyant floats bracketed by hydrographic 
stations. They concluded that the level of no motion is 
located at about 1900m in the deep water off the Blake 
Plateau. However, some of their results can be inter- 
preted as supporting a shallower location for the reference 
level. 

When one of their hydrographic sections successfully 
crossed the path of a float, one direct measurement was 
available and, on the basis of this measurement, the level 
of no motion between the bracketing stations was computed. 
Using this method they calculated levels of no motion of 
2070m, 1950m, 2150m, 1640m, and 1820m as they crossed and 
recrossed the paths of three of their floats which they 
identify as B, D, and G. However, in describing their 
research on 27-29 March they wrote, 

Bihree pairs Of Stations 45533-5534, 5535-5538, and 
5536-5537) were made across the paths of floats H and I 
but unless the level of no motion lay much shallower than 
1500m the spacing of these stations was too wide to measure 
the true slopes of the isobaric surfaces and in consequence 
the computed currents are far slower than the observed..... 

"On the morning of 29 March, ATLANTIS left the working 
area in order to start the final oceanographic section. 


This section, it had been agreed, was to include the entire 
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-Florida Current as well as the deep undercurrent. The 

Fest station, 5547 was at 33%01'N,73*30'W about 220km 

east of the working area. The stations consisted of 

two series except on the shelf and while crossing the 

tracks of floats J and K when only one series was made. 
Again, it seems the oceanographic measurements were not 
adequate; only half the velocity of these floats could be 
accounted for by the dynamic calculations unless the level 
of no motion were raised to 1000m. While this could possibly 
„have been the case, it seems more sensible to assume that 
the true slopes of the isobaric surfaces were missed by 
ATLANTIS and that the level of no motion lay at some greater 
ΕΠ... 

"On the basis of the existing stations, no satisfactory 
level of no motion could be obtained by using the deep 
Boats H-K." 

The four rejected floats which indicated a shallower 
level of no motion actually outnumber the floats used in 
conclúding that the level lay at 1900m. They also mention 
that difficulties are encountered in extending the use of 
their 1900m reference surface to larger areas. 

Rowe and Menzies (1968) conducted bottom photography 
and hydrographic sampling along the continental slope and 
rise beneath the Gulf Stream between 36°-32°N and 77°-71°W. 
From the temperature and salinity gradients that they found 
and from dune-shaped ripple marks in their photographs 


they concluded that the Gulf Stream may have extended to 
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ehe Bottom during the month of June. But for data and 
photographs taken during March and November they write, 
"so. on the contrary, the Gulf Stream did not impinge on 

the bottom where the samples were taken. Between approxi- 
mately 800m and 1000m across the transect a zone of no 
motion impinged on the bottom." This was evident in the 
lack of current indications from hydrographic stations near 
1000m. Also, the undisturbed animal tracks and trails in 
the photographs indicated that no current existed. 

Rowe and Menzies did find photographic evidence of a 
southward-flowing bottom current from about 1100m on the 
steep slope to about 5100m on the lower rise. 

Saunders (1971) conducted an investigation of Gulf 
Stream meanders and eddy formation. He conducted 1500 
STD lowerings at 70°30'W between 39°45'N and 39°30'N and 
made geostrophic computations based on an assumed level of 
no motion of 1000db which gave him surface current results 
closely comparable with direct current measurements that 
he made at the same time. He also concluded from his study 
that meanders and eddy circulations are confined to the 
upper 1000m. 

There is other evidence, which cannot be ignored, that 
the Gulf Stream extends to the bottom. Warren and Volkman 
(1968), using neutrally buoyant floats and hydrographic 
data; got results indicating that at 2500m the current was 
in approximately the direction of the surface Gulf Stream 
and of sufficient velocity to imply a net flow at the bottom 


(4200m) in the same general direction as the surface current. 





Knauss (1965) tracked a Swallow float at 2000m in the 
same general direction as the surface Gulf Stream for a 
period of 24 hours. He also made a 17-hour direct current 
measurement at the bottom and got the same result thus 
concluding that, "at least during this time and at this 
place the Gulf Stream extended all the way to the bottom." 
His measurements were made in the vicinity of 36°04'N, 
po 13'W. 

Schmitz, Robinson, and Fuglister (1970) made current 
measurements 200m above the bottom between 36°N and 39°N 
at 70°W over a period of 60 days and found that north-south 
variations in the path of the Gulf Stream and in near 
bottom currents were essentially in the same direction at 
nearby times. 

Using deep moored current meters and hydrographic data, 
Richardson (1974) concluded that off Cape Hatteras the Gulf 
Stream did not reach the bottom but extended to about 
2000m beneath its core. 

The conclusion the author draws from the foregoing is 
that the location of the level of no motion is still an 
open question. The uncertainties involved and the suppor- 
tive evidence available provide sufficient license for one 
to proceed with a study such as the present one which is 
based on the selection of a level of no motion near 1100m. 
It should also be added that it is not the intent of this 
study to establish that the level of no motion can lie only 


near this depth but instead to establish that, for the 
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latitude sections used in this study, the general circula- 
tion is well represented by such a selection while mass 


and salt continuity are preserved. 


B. HYDROGRAPHIC DATA 

There is a dilemma facing an oceanographer who attempts 
to examine the complex ocean circulation. He can move about 
making a single set of observations over a large area and 
assume that time variations during the measurement program 
are sufficiently small that he can treat his observations 
as having been made simultaneously; or he can stay in one 
location and make a long time series. Although such a 
program can provide a good measure of local variability, 
it is often difficult to infer much about the broader 
question of oceanic circulation (Richardson and Knauss, 
271). 

The former alternative along with its primary assumption 
was employed for this study. 

The hydrographic data used for this study are taken 
from the data compiled during the IGY (1957-1958) as pub- 
lished by Fuglister in 1960. Temperature, salinity, and 
depth data were taken for oceanic transects at various 
latitudes. The data extend to near shore and near bottom. 
This provides the most nearly synoptic comprehensive 
collection of such data for this large ocean area taken 
to date. Table I shows the seasons and years that the 


data used in this study'were collected. 
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Figure 1 illustrates the tracks along which the data 
were taken. Three things should be noted here concerning 
the data. 

First, although the majority of the data was collected 
in 1957, portions of the tracks were taken as early as 1954 
and as late as 1959. In practice, these are all assumed 
to be IGY data (1957-1958). 

Second, the 32°N section is the least synoptic of the 
individual sections in that it contains data from three 
different years and two different seasons. It also contains 
a leg at its western end which runs from northwest to 
southeast instead of east-west and it actually crosses the 
36°N section near its western endpoint. 

Lastly, at 27°N a short section is added in order to 
complete and supplement the 24°N section by including the 
important influence of the strong Florida Current. The 
27°N data are two years and several months earlier than 
that at 24°N. 

The influence of the peripheral areas along the margins 
and at depths not covered by the data sections is dealt 


with in Section IV. 
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24°N 
16°N 


SPN 


Table I 


Hydrographic Data; Year of Record and Location 


1 


EL 
24 


27 


1.3 


DATE (S) 


Oct 
Apr 


Jun 


Nov 
Nov 
Jun 
OCE 
Nov 


May 


S7722 VOCE 
59-12 May 
55-14 Jun 
22 Apr 57 
54-16 Nov 
--- 7 Dec 
55-28 Jun 
SIS OC € 
57-29 Nov 


57-21 May 


57 
59 


55 


54 


57 


55 


57 


57 


57 


ENDPOINTS 
WEST EAST 

40°15'N, 68°25'W 40°14'N, 9%33'W 
36516Ν, 74°48'W 36°26'N, 6°30'W 
36°44'N, 74°44'W 33°01'N, 65°57'W 
B22 05 New 64-227 — 
ο οὗ N, 63705 W 52017, 90742 "W 
32 ἳ ο 25Η 9ο 16, ο αι αμ 
τ ο πο ος 27°24 NN, 79208 NW 
DASS UNO λος 24730 Ν 16ο Ἡ 
POMELO ΙΕ, εὐ 

ο πο η ον ο π 8°14'N, 14°24'W 
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Tr OBJECTIVES OE THE STUDY 


The objectives of this study were threefold: (1) to 
describe quantitatively the mass transport in the North 
Atlantic at several latitude sections based on a level of 
no motion chosen so that the net mass and salt transports 
across each section approximate zero; (2) to examine the 
longitudinal continuity of mass transport above and below 
the chosen level of no motion and draw conclusions con- 
cerning the general circulation in these two layers; and 
(3) to correlate the resulting mass transport values with 
Sener estimates of this circulation through the use of 
direct current measurement data, past mass transport 


measurements and estimates, and past circulation descriptions. 
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IV. PROCEDURES 


A. GEOSTROPHIC DATA 

Using the computer program developed by Greeson (1974), 
levels of no motion were chosen between stations along the 
IGY Data latitude bands of 40°, 36°, 32°, 24°, 16°, and 
8°N so as to require a net balance of mass and salt trans- 
ports or flux across each band. The computer program out- 
put contains a wealth of physical and dynamical information 
but for this study only the computations for the distribu- 
tions of mass transport with depth and geostrophic current 
velocity with depth were used. 

The mass transport is computed for rectangular vertical 
cross sectional areas which are equal in width to the station 
Spacing and vary in depth from 50-meter increments in the 
upper layers to 250 meters in the deeper layers. 

The total mass transport above and below the chosen 
level of no motion was summed for each pair of stations. 
All summations were made accurate to Beer) places. 

To evaluate the influence of that portion of the verti- 
cal cross sectional area of the ocean not covered by the 
geostrophic data, a study was made of the periphery of 
each section shoreward of the most nearshore station and 
of the area remaining below the deepest computed mass 


transport value for each pair of stations. 
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Using soundings from navigational charts for the areas 
in question, a vertical cross section was calculated for 
the coastal endpoints of each cross section of latitude. 

For the area below that involved in geostrophic compu- 
tations, the actual depths for each pair of stations taken 
from Fuglister (1960) were first averaged and multiplied 
by the station spacing. Then the average depth between the 
stations as used by the computer was multiplied by the 
station spacing and subtracted from the total thus deter- 
mining the area which had not been covered. As a further 
step towards accuracy when averaging the actual depths, a 
visual check was made of the bottom profile illustrations 
in Fuglister and corrective allowances were made when 
irregular terrain between stations was significant enough 
to affect the average depth. The results of this evaluation 
of the periphery are shown in Table II . The net result 
was that the nearshore contribution to error was found to 
be negligible, accounting for far less than even l percent 
of the total area. The bottom contribution was more signi- 
ficant and amounted to ~ 10% of the total area, varying 
slightly among the latitude sections. 

-This "loss" of the bottom 10% was attributable to three 
factors: 

(1) in many cases the original data were only taken 

to near bottom; 
(2) the geostrophic calculations can extend only as deep 


as the shallower measurement between two stations; and 
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(3) the computer program only calculated values for 
the deepest whole 250-meter increment for which 
it had data. 

While it might be possible to modify a computer program 
to use smaller increments near the bottom, it would appear 
that the first two causes are permanent ones which will 
always make a 100% cross sectional area unattainable in 
studies of this kind. 

Above and below the level of no motion, geostrophic 
calculations at each latitude were then combined into 5° 
increments of longitude to be displayed as a mass transport 
mena tor the North Atlantic. 10°, 15°, 20°, and actual 
station spacing increments were all examined to determine 
which display was the most workable and valuable represen- 
tation for attempting to describe the general circulation 
based on continuity of mass. Using station spacing was 
unsuitable because of the very tight spacing in the near- 
shore areas and the irregular spacing throughout the actual 
data. 10°, 15°, and 20° increments were progressively less 
useful in describing the circulation in that significant 
flows were blended out (however, these three types of 
longitude increments are included along with 5° in the 


results for comparison). 


B. CURRENT DATA 
The collection of data on direct measurements of currents 
in the region under study was approached in the following 


Kanner. 
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The intent was to obtain the largest number of separate 
measurements possible so as to be able to correlate the 
measured and calculated current velocities in several 
different ways which will be described in Section V. 

The first step was the initiation of a computer search 
via the Defense Documentation Center of Alexandria, Virginia, 
For all unclassified reports on file dealing with North 
Atlantic Ocean currents Since 1955. This produced a listing 
of some 145 reports of which, after their abstracts were 
reviewed, 62 were screened and recorded when found to be 
applicable. 

A further step was a survey of the non-technical 
literature since 1955 using the Reader's Guide to Periodical 
Literature and searching under the headings "Ocean Currents" 
and "Gulf Stream." 

This search was of little help because what information 
was available was for the most part insufficiently detailed 
with regard to depth, location, and duration of current 
measurement. 

The journals Deep-Sea Research, Journal of Marine 
Research, and Journal of Geophysical Research were screened 
from 1953, 1937, and 1949 to the present, respectively. 
Oceanology was examined from 1965 to 1969 as was Tellus from 
1949 to 1965. 

In addition, 23 miscellaneous technical and cruise 


reports were reviewed, 
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when compiling the data, a record was made of the month 
and year it was taken, the latitude and longitude, the 
depth, the duration of the measurement, and the velocity. 

Current data were discovered in many formats. The 
following parameters were used in standardizing the tabulation: 

(1) Latitude and longitude were rounded to the nearest 
whole minute in those cases where its accuracy had been 
recorded to include seconds. 

(2) When neutrally buoyant floats or drogue measurements 
were made and a start and finish position were available, 
the mean latitude and mean longitude between the two points 
was recorded as the position. 

(3) When a measurement spanned more than one month, all 
the months involved were recorded and given equal weight 
in the temporal correlation. 

(4) The depth was recorded in meters and in those cases 
where the depth was presented as a central value plus or 
minus some error tolerance, the central value was taken. 

(5) The duration was rounded to the nearest whole day 
above zero, 

(6) The direction and speed were found to be the most 
diverse in format. The direction was given to varying 
degrees of precision ranging from degrees true plus or 
minus an error tolerance to 16 point compass headings 


(i.e., NNE) and even to just "southerly." Those in which 
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tolerances were given were recorded as the central value. 
Those less precise than compass headings were rejected. 
Speed was presented in cm/sec, mm/sec, and knots. All 
values were converted to cm/sec. Speeds for which central 
mean values plus or minus an error tolerance were given 
were recorded as the central value. In some instances 
mean currents were expressed as a range of values (i.e., 
9-12 cm/sec). When this occurred, they were recorded as a 
range. Since the values were already expressed as a mean, 
further averaging of the endpoints of the range in order 
to obtain a single value was not considered justifiable. 
For converting knots to cm/sec the conversion factors used 


were: 


l nautical mile = 1852 meters 


51.44 cm/sec 


1 knot 


Due to their questionable accuracy, no ship-drift 
current measurements were used. 

The final step in tabulating the current data was to 
take the meridional component of the velocity vector for 
comparison with the computed geostrophic values. Special 
treatment was given to data in the western portion of the 
32°N section to account for its comparison with currents 
calculated across the section oriented at a significant 


angle to the latitude parallels. 
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At this point, there were 523 separate direct current 
measurements tabulated and the time had come to begin to 
apply some elimination criteria to refine the data to the 
point where each measurement could be considered of equal 
weight with the others when making the comparison to the 
geostrophic values. 

The first step was the outright elimination of those 
measurements which lay outside of the lateral and vertical 
bounds of the geostrophic computations and those which had 
been characterized as being of only "fair" reliability. 
This "fair" reliability applied to data from one source 
only, NAVOCEANO Pub. 700 (1965), a tides and currents 
atlas which was unique in that it listed the month but not 
the year that the data were taken and did not list the 
duration of the measurements. Data in this source which 
were characterized as being of "good" reliability were 
retained except that they too were discarded when the 
comparisons involving time were made. 

The second step was to combine measurements which were 
so close in time, space, and velocity as to be considered 
as one value. This applied in a few cases, such as when 
currents had been measured at 4, 10, 16 meter depths in 
one location on one occasion. The smallest depth increment 
in the geostrophic calculations is 50m so these values 
were combined, provided that they were sufficiently similar 
to all meet the same comparison criteria to be discussed 


in Section V, 
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The final step, which eliminated by far the greatest 
number of data points, was the establishment of a longi- 
tudinal distance cutoff to be measured from the latitudinal 
tracks along which the IGY data were taken. Station spacing 
was as small as 9nmiin some places near the coasts and as 
much as 108nmi in the open sea while latitude band separa- 
tion was 240nmi in the northern 3 bands and 480nmi in the 
southern 3. It was necessary to choose a reasonable dis- 
tance over which the calculated meridional mass transport 
values and current velocities could be considered constant 
and establish that area as the limit for comparison of 
direct current measurements. 

The procedure followed was to draw a square above and a 
square below each pair of stations with the sides of both 
Squares equal to the distance between the two stations. 

Data within a square were compared to geostrophic calcula- 
tions along the latitude line. The principle is illustrated 


below: 


40°N 40°N 


ə 
indicates 
stations 
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These three procedures reduced the number of usable 
direct current measurements within the region to 110. These 
directly measured values then were compared to the nearest 
computed values. Favorable and unfavorable comparisons 
were examined with respect to depth, season, time elapsed 


since the IGY, and in general. 


C. PROBLEM AREAS 

The three means of checking the validity of this study 
are: comparison with previously calculated mass transport 
figures, success in describing the general circulation 
while maintaining mass continuity, and the degree of corre- 
lation between computed and directly-measured currents. 

The correlation of currents presents the most awesome 
problem. Simultaneous direct current measurement and 
Station taking is the ideal circumstance, though it 1s 
rarely realized, and certainly not on a synoptic ocean- 
wide scale. To obtain sufficient current data to make a 
comparison, it is necessary to make use of all the measure- 
ments that are available; the spread of the data in time 
and space is such that seasonal changes, eddies, and meanders 
would seem to make any correlation unlikely, unless one 
trusts Thi overall constancy in the ocean circulation 
which would be sufficient to blend out transient effects, 
given enough data points. 

Another problem is that of dealing with meridional 


current components only. This is both an aid and a hindrance 
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when making comparisons. As long as a measured current 

falls within the desired direction semi-circle, northern 

or southern, its chances of agreement with a computed 
meridional current component are improved because a wide 
range of velocities at various headings can have the same 
north (or south) component. However, when the ατα Επ 
flow is nearly east or west, a slight disagreement in 
direction can cause the flow to fall in the opposite semi- 
circle from the geostrophic flow and appear to be in 

complete disagreement. 

The Gulf Stream axis provides a means to convert the 
northward component of calculated mass transport to total 
mass transport along the western edge of the Atlantic and 
thus to make comparisons to other transport estimates. 

The absence of any well-defined axes of flow in the remain- 
der of the region unfortunately made similar comparisons 
impossible outside of this one area. 

The literature search for current data failed to turn 
up a single directly-measured current along the 8°N lati- 
tude section. With no current data for comparison, the 
validity of the section's mass transport values was open 
to question. Because the other five sections did compare 
favorably with direct current measurements, as will be 
shown, and because the same procedure was used in computing 
all six sections, the 8°N section was included in the 


overall mass transport picture. 
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V. RESULTS 


A. GEOSTROPHIC CALCULATIONS 
Table III shows the net mass transport across each 


latitude band above and below the level of no motion: 


TABLE III 


Net Mass Transports 


LAT 40°N 36°N 32°N 24°N Kos 8°N 
Above LNM 19 13 27 = a τ 
Below LNM 19 =18 πι. 2 2 al 
NET 0 0 0 0 des 0 


ALL UNITS x τι. σπι/ δες 


* Results from rounding the summary values 


while the real value of the mass transport calculations 
lies in smaller scale displays, this table does illustrate 
some gross features of the North Atlantic. 

The most striking feature of this table is the apparent 
discontinuity between the three northern sections, 40°, 36°, 
and 32° and the three southern sections 24°, 16° and 8°. 

There are two possible explanations for this. First, 
the most dominant feature of the North Atlantic above 25°N 
is the Gulf Stream region which, in general terms, is 
characterized by strong northward flow in the upper layers 


and by counterflows at depth. This single feature overshadows 
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the weaker transports in the regions farther east and 

appears as strong flow above and below the level of no 

motion when compared to the sections south of 25°N where the 
Gulf Stream is not present. Secondly, the general circu- 
lation in the North Atlantic in the broadest sense is a 
clockwise gyre which is predominantly a westward latitudinal 
flow to the south of 25°N becoming predominantly meridional, 
especially near land, north of 25°N. Since only meridional 
components are taken, the flow based on them appears markedly 
weaker in the southern sections. 

It also appears that there is shallow divergence and 
deep convergence between 24°N and 32°N. 

The more precise breakdown of the mass transport values 
above and below the level of no motion is shown in Figures 2 
emr ough 9 in 5°, 10°, 15°, and 20° increments. The 5° 
increment display is selected to describe the general 
circulation because it provides the best blending of the 
flow without obscuring important features. 

All mass transport values are expressed in whole numbers 
whose units are 10 gm/sec. In arriving at these figures, 
accuracy to five decimal places was maintained during all 
summing and interpolating until the final rounding off 
for display. 

The western Atlantic, and the Gulf Stream in particular, 
is the only area where sufficient past research has been 


done to provide a good basis for comparison of transport 
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values. Past transport research has been published pri- 
marily in terms of volume transport with units of Sverdrups 


6 


(or Sv) which equal 10 ee A sampling of the computed 


data at various locations indicates that the magnitude of 
mass transport expressed in ie gm/sec is consistently 
within about 2.7% of being equal to the magnitude of the 
volume transport when expressed in Sverdrups. This differ- 
ence is considered within acceptable limits for comparing 
the mass transport values expressed here directly to volume 
transport expressed in Sverdrups, in that it is normally 
exceeded by the error tolerances given for volume transport 
estimates; +3.4% Richardson and Schmitz (1965), +9% Schmitz 
and Richardson (1968); +20-30% Warren and Volkman (1968); 
+38% Clarke and Reiniger (1973). 

In what follows, the major currents of the North Atlantic 
region between 8°N and 40°N are examined separately with 
the exception of the Caribbean Current, which is not included. 
These currents are examined to see to what quantitative 
and qualitative degree they can be correlated with the 
calculated values of mass transport resulting from this 
study. 

The Gulf Stream. is the most widely studied of these 
currents. It also has the advantage of having a defined 
axis which makes possible the conversion of meridional 
components to total transports in the direction of flow. 
For this study the mean axis of the Gulf Stream as pub- 


lished in Gulfstream (1975) has been used. This reference 
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illustrates the mean axis by separate months so it is 
possible to obtain a value for the Gulf Stream axis orien- 
tation for a latitude section corresponding to the month 


in which the data were taken, 


Florida Current 

The Gulf Stream begins with the Florida Current which 
flows due north through the Straits of Florida. 

The only intensive study of fluctuation in flow rate. 
and transport in the Straits of Florida appears to be that 
of Wertheim (1954) who obtained electrical potential measure- 
ments by means of an underwater telegraph cable between 
Key West and Havana. The potential measurements were then 
converted to volume transport values. 

Wertheim's data gave transport values of the order of 
14 Sv in December 1952, 16-18 Sv in September to November 
1953 and much higher values at other times, ranging as high 
as 39 Sv in April 1953. Knauss (1969) reports that these 
measurements were continued until 1959 and showed variations 
of 100% in the transport over a period of a few months. 
eeommel (1965), speaking of these data, pointed out that 
perhaps the most striking feature of these fluctuations 
was the extreme rapidity with which major changes in trans- 
Bart can occur. 

More recent estimates were made by Richardson and Schmitz 
(1965). Using a direct measurement instrument, they measured 


Ehe volume transport across 25°43.5'N as 35.5 + 1.2 Sv in 
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August 1964. They found that mid-depth measurements to an 
average depth of 175m accounted for about one half of the 
transport and to an average depth of 450m they accounted 
for nine-tenths of the total. Water deeper than 450m, 
which was 30% of the cross sectional area, carried the 
remaining 10% of the northerly transport. They found no 
evidence of southerly flow in the deep water except for a 
minor amount on the west side of the strait which they say 
may have been a tidal flow. 

Schmitz and Richardson (1968) again measured the trans- 
port in the straits and obtained a steady state volume 
transport figure of 32 + 3 Sv, finding that the current 
penetrates essentially to the bottom. 

Richardson et al. (1969) reported further measurements 
made at 27°26'N in 1966 and 1967 of 33.1 Sv and 33.0 Sv, 
respectively, again uSing a direct measurement instrument. 

Wunsch et al. (1969) examined fluctuations in the 
Florida Current by drawing inferences from sea level records 
and concluded that there was no possibility of the 50% 
fluctuations of transport of the Gulf Stream as suggested 
by Wertheim and that, if sea surface slope measurements 
reflect transport change, the transport varied by at most 
253%, 

Niiler and Richardson (1973) reported a mean value of 
29.5 Sv for the period 1964-1971 with a maximum of 39.2 Sv 
occurring in the summer of 1965 and a minimum of 19.0 Sv 


occurring in the winter of 1970. 
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Discussion of these fluctuations in the Florida Current 
is germane in that the mass transport value computed for 


this study across 27°23'N totals only 13.4 Sv. 


Antilles Current 

After passing through the Straits of Florida the Florida 
Current is reinforced by the Antilles Current (Sverdrup et 
al., 1942) flowing north of the West Indies. Evidence 
concerning the transport of the Antilles Current is con- 
flicting (Stommel, 1965). Sverdrup quotes Wúst's 1924 
estimate of 12 Sv. Heezen (1966) estimates that the Gulf 
Stream draws over 12 Sv of the Antilles current across the 
Blake Plateau thus implying that the total transport of the 
current exceeds 12 Sv. Costin (1968) made direct current 
measurements at one point in the Antilles Current during 
9-22 March 1967. He concluded that the Antilles Current 
has sufficient magnitude to add considerable volume to the 
Gulf Stream north of the Straits of Florida. He made no 
quantitative estimates of the Antilles Current due to a 
lack of measurements across the current. In the vicinity 
of 26°45'N, 77°00'W he found NW current flows of over one 
knot down to 750m. He also suggests that the Antilles 
Current receives its inflow along its eastern boundary and 
thus increases its transport from south to north. 

This study Deere a 19 Sv northward component of trans- 
mort above the level of no motion in the vicinity of the 


northernmost part of the Antilles Current. To the east 
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there appears an almost equally strong (14 Sv) component 


of a southerly countercurrent [Fig. 2]. 


The Gulf Stream 

The Gulf Stream in the area between the Straits of 
Florida and Cape Hatteras is not covered by the IGY data, 
but near Cape Hatteras at 36°N, both the 32°N and 36°N 
sections cross its axis [Fig. 10]. Extensive research 
has been done in attempts to estimate the transport of the 
Gulf Stream and its associated counter-and undercurrents. 
Knauss (1969) presents a summary of volume transport esti- 
mates of the Gulf Stream made using geostrophic measure- 
ments and neutrally buoyant floats and also measurements 
of the vertically integrated horizontal velocity using 
transport floats. For the vicinity of Cape Hatteras he 
quotes estimates of: 60 Sv, made by Barrett in 1962; 

74 Sv, made by Worthington and Wright in 1966; 63 Sv, made 
by Knauss in 1967; and 74 Sv, made by Knauss in 1965. The 
last of these he regards as the most uncertain. 

In order to compare the results of this study to these 
earlier estimates it is necessary to select a value for 
the Gulf Stream axis orientation. The data for the 36°N 
section were collected during April. For the applicable 
portion of the 32°N section they were collected during 
June. An enlarged plot of the axis as depicted in Gulfstream 
(1975) for these months was used to measure values for the 


axis orientation. For both months the axis was measured as 
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oriented toward 049°T. Corroborative evidence for this 
result was found in Boisvert's (1967) two year mean value 
of 049°T for this same location. 

With an axis selected, it is necessary to choose boun- 
daries for the Gulf Stream. NAVOCEANO Pub. 700 (1965) was 
used for this purpose. When making quantitative transport 
comparisons, the 5° longitude increments are not sufficiently 
precise in the presence of available data on flow orienta- 
tion and boundaries, so the detailed computations of 
transport between successive soundings will be used to 
evaluate transport within the Gulf Stream region. 

For the 36°N section the net meridional mass transport 
above the level of no motion between the approximate boun- 
daries of the Gulf Stream, 71°28'W to 37°55'W (Appendix 
A), is 42 x 1012 gqm/sec z 42 ου. To compute the total 


transport this component is divided by the cosine of 49°: 


42 Sv 


Cos 49° = 64,0 Sv 


The 32°N section, which actually spans the Gulf Stream 
at 36°N at its western end, requires only a slightly more 
complex treatment. The computed flow in this angled leg 
of the track [Fig. 10] is not meridional but is instead 
perpendicular to the track. This perpendicular direction 
is oriented toward 065°T and the net transport above the 


level of no motion between the approximate boundaries of the 
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Gulf Stream as crossed by this track, 72°15'W to 74°08'w 


(Appendix A), is equal to 60 x 1072 


gm/sec z 60 Sv. To 
compute the total transport through this section this 
component is divided by the cosine of 16°, the difference 


between 049°T and 065°T: 


60 Sv 


Cos z = 62.4 Sv 


The agreement between these two results compared with 
the results quoted by Knauss is most encouraging. 

Transport estimates for the Gulf Stream at the 40°N 
section pose a more difficult problem due to the predomi- 
nantly zonal nature of the flow. Past transport estimates 
in this area vary considerably. Choosing an arbitrary level 
of no motion of 2000db , Mann (1967) calculated 47 Sv and 
52 Sv transported to the east from data taken in April 
1963 and June 1964 for longitude 50°W near 40%N, Warren 
and Volkman (1968) calculated the Gulf Stream transport to 
Bez Sy + 20 to 30% in the vicinity of 38°N and 69°W. 
Clarke and Reiniger (1973) using current meter data in con- 
junction with hydrographic data calculated a transport for 
the Gulf Stream across 49°30'W of 130 + 50 Sv in the vicinity 
of 40°N. Knauss (1969) quotes an estimate made by Fuglister 
in May-June 1960 of 147 Sv in the vicinity of 38°40'N, 


6430 'W. 
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Gulfstream (1975) does not depict an axis east of 
60°W. West of 60°W it is depicted in Gulfstream as being 
oriented 070°T for the month of October. Boisvert (1967) 
reports a 072°T orientation just west of 60°W and 088°T 
just east of 605Ν. Mann (1967) indicates that the Gulf 
Stream turns to the southeast after crossing 50°W (Worthing- 
ton; 1962) and divides at 38°30'N, 44°W with the main flow 
going to the southeast and a branch turning back to the 
northeast. Mann also reports that the stream broadens and 
slows by the time it reaches 37°N, 42°W and there reaches 
its end as an identifiable current. 

Most of the features of Mann's depiction of the Gulf 
Stream are apparent in Fig. 2 . The meridional component 
Switches from northerly to southerly in the region between 
55°W and 45°W. There is a northward and southward branching 
as one crosses 45°W and, after crossing 40°W the meridional 
transport, at least, decreases. 

As for making a quantitative comparison of the total 
Gulf Stream transport in this section to past estimates, LE 
does not appear that this will be possible. The axis of the 
Gulf Stream as it is usually depicted (Mann, 1967; Boisvert, 
1967; NAVOCEANO Pub. 700, 1965; Gulfstream) does not cross 
40°N except as part of a transient meander. East of 63°W 
the Gulf Stream begins to meander and is influenced by 
seamounts (Boisvert, 1967), so any attempt at computing the 
total transport would only account for some portion of the 
Gulf Stream north of its axis and would be influenced by 


meanders. 
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mores Current 

Boisvert describes the Azores Current as a slow but 
fairly constant southeast flowing current in the vicinity 
of the Azores Islands. Sverdrup et al. (1942) in describing 
the circulation in this region says that the greater amount 
of the waters of the Gulf Stream turns south before reaching 
the Azores and circulates around the Sargasso Sea, and that 
the North Atlantic Current crosses the mid-Atlantic ridge at 
Be mately 45°N then turns to the right and continues as 
an irregular flow toward the south between the Azores and 
Spain. 

These three features are born out for the circulation 
above the level of no motion in Fig. 4 where 10% increments 
of longitude are used. The 5° increment chart [Fig. 2 ], 
while showing agreement with Sverdrup's description, indi- 
cates northward transport components in the immediate 
vicinity of the Azores contrary to Boisvert's characteriza- 
tion of the flow. A possible explanation for this apparent 
discrepancy can be found by an examination of the actual 
station data (Appendix A). At the 40°N section, the net 
Brensport in the surface water (> 292°K; Sverdrup et al., 
1942) is zero in the 25°-30°W and 30°-35°W longitude bands. 
However, the deeper water masses, North Atlantic Central and 
transition, have sufficient northward transport in this 
zone for it to appear when the finer 5° longitude resolution 


is used. 
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At 36°N between 25° and 30°W the surface flow is south- 
ward between all station pairs except one. There, a strong 
northward jet covering only 25% of the 5° transect over- 
shadows the other transports resulting in a net transport 
to the north. Boisvert has relied primarily on surface 
ship measurements for his current study so the results of 
this study are not really in conflict with his results to 
the degree that they initially appear when using 5° longi- 
tude increments. Unfortunately, no direct current measure- 
ments were located for this region for use in confirming 
this northward transport. 

One would also expect this region to be one of some 
turbulence due to the relief of the volcanic archipelago 


making up the Azores. 


Portugal Current 


Boisvert characterizes the Portugal Current as a slow- 
moving predominantly southward flow off the Atlantic coasts 
of Spain and Portugal. The mass transport value obtained 
for the area above the level of no motion represents a 
Similar flow in this location [Fig. 2 ]. Little is known 


— 


about the subsurface flow. 


Canary Current 

The southward transports off the northwest coast of 
Arica (Fig. 2 l for the 32%N and 24%N sections are in agree- 
ment with Boisvert's description of the southerly flowing 


Canary Current in this region. However, at the 16°N section 


ΞΘ 





the calculated net transport is to the north above the 
level of no motion. Boisvert illustrates the Canary Current 
as narrowing to the south and, as it crosses the 16°N 
section, extending from approximately 20° to 25°W. Using 
the same approach as used in dealing with the apparent 
discrepancy in the Azores Current, the net transport of 

the surface water in this 5° section (Appendix A) is found 
to be slightly to the south (-0.4 x 10% gm/sec = 0.4 Sv) 
while the deeper North Atlantic Central and transition zone 
water masses have sufficiently strong northward transports 
to make the net flow move to the north above the level of 
no motion. Again, close examination reveals that the geo- 
strophic data are in actual agreement with the prevailing 


surface current although, when summed to the level of no 


motion, they show apparent contradiction. 


Guinea Current 

The eastern end of the 8°N section intersects a portion 
of the Guinea Current just off the African coast. The 
geostrophic calculations indicate a near shore northward 
transport of 5 x D gm/sec z 5 Sv between 14°24'W 
and 15°00'W. The IGY data for this section were collected 
düring May. Boisvert reports surface currents in this area 
as NE through SE during July, August, and September with NE 
flow occurring 18.2% of the time. During the winter, Decem- 


ber through February, he finds that the current becomes 


variable aná at times reverses, occasionally reaching speeds 
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of one knot. Little is known about the subsurface flow. 

The geostrophic data (Appendix A) show 91% of this northward 
flow occurring below 50m in the North Atlantic Central and 
transition water masses. Due to the seasonal variability 

of this current and the small area of its intersection with 
the IGY data, it is difficult to draw a conclusion. Plutchak 
in Fairbridge (1966) depicts the circulation in this 

area as NE in the summer and NW in the winter due to counter- 
currents landward of the North Equatorial and Canary 


currents. 


Atlantic North Equatorial Current 

The Atlantic North Equatorial Current is a broad, slow, 
west-setting current originating near 26°W and contained 
between about 15°N and 30°N. It flows across the ocean 
past 60°W where it forms the Antilles Current (Boisvert, 
1967). Only qualitative comparisons can be made here due 
to the zonal nature of the flow and the lack of available 
transport estimates. Portions of the 24°N and 16°N sec- 
tions fall within the zone of this current and, above the 
level of no motion, compare favorably in several qualitative 
ways: (1) Sverdrup et al. (1942) point out that the North 
Equatorial Current, while flowing from east to west, does 
not follow an absolutely straight course. Surface measure- 
ments indicate that the current bends to the north as it 
approaches the mid-Atlantic ridge and to the south after 


passing the ridge. This pattern also appears in the results 
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of this study [Fig. 2 ]. (2) The generally small meridional 
transport values obtained for this zone [Fig. 2 ] are in 
agreement with what should be expected for predominantly 
zonal flow. (3) Between 25°W and 35°W in the 16°N section 
there appear elements of northward transport while at 24°N 
between these longitudes the meridional transport is south- 
ward. Reporting on seasonal fluctuations in this zone, 
Boisvert (1967), indicates a prevailing current direction 
ΙΙΙ (5αππετ) and 275°T (winter) for the 16°N section 
and a prevailing current direction of 270°T (summer) and 
255°T (winter) for the 24°N section between these longi- 
tudes. The IGY data for this portion of the two sections 
were collected in the autumn. In both cases the net meri- 
dional transport agrees in direction with Boisvert's 


prevailing currents. 


Guiana Current 

The Guiana Current off the northeast coast of South 
America is a shallow wind driven current which according to 
Plutchak in Fairbridge (1966) is undetectable below 137m. 


For this reason it is not examined in this study. 


Deep Ocean 

Transport estimates in the deep ocean, below the level 
of no motion, are rare; however, one study bears such simi- 
larity in results to this study that it should be mentioned. 
Richardson (1974) undertook to resolve how the Gulf Stream 


and the Western Boundary Undercurrent (Swallow and Worthington, 


56 





1961) apparently cross at Cape Hatteras. He conducted his 
research slightly to the south of where the 32°N IGY section 
data were collected. Using hydrographic data and deep 
current measurements he obtained the two results of 47 and 
49 Sv for the total Gulf Stream transport within its boun- 
daries as he found them in May, June, and July 1971. For 
the area directly below these Gulf Stream limits he calcu- 
lated a corresponding reverse transport by the Western 
Boundary Undercurrent of 16 and 17 Sv; when these values 

are added to the upper Gulf Stream transport values, the 
resulting net transports through the section are 31 and 32 Sv, 
northeastward. 

Although the numbers cited in the present study for the 
Gulf Stream transport disagree with Richardson's numbers, 
further examination does reveal an interesting point of 
Eimalarity for net transport results. A computation of 
the transport below the level of no motion between the 
bounds used earlier to determine the 32°N section Gulf 
Stream transport yields a transport of 29 x or gm/sec 


= 29 Sv (Appendix A) toward 245°T. The resulting Gulf 


Stream transport along the previously used 049°T axis is: 


- 29 Sv 


cei - 


This, when summed with the 62.4 Sv value obtained for 


the Gulf Stream above the level of no motion, results in 
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Benet axial transport of 32.4 Sv toward 049°T, through a 
section bounded by the Gulf Stream's surface boundaries 
extended to the bottom. The agreement with Richardson's 
1974 net results is remarkable. 

Kolesnikov et al. (1966) were skeptical of using the 
dynamic method for computing the deep ocean circulation. 
They agreed that for a properly chosen level of no motion 
the dynamic method would yield satisfactory results when 
compiling charts of steady currents in the upper layer of 
the ocean. However, since the dynamic method does not 
take friction into consideration, they rejected it for use 
in obtaining a correct picture of the deep circulation. They 
also characterized deep currents as being streamlike in 
nature wherein the water surrounding such a stream often 
runs in the opposite direction. They indicated that in 
this case a satisfactory selection of a level of no motion 
would be impossible even with the aid of directly measured 
currents. They concluded, "... at best therefore, the 
dynamic method ... will merely serve to detect a deep 
current in the ocean, but will give en incorrect character- 
ization of its velocity and transport." 

This view is in direct contradiction to the enter 
of the present study; here it is postulated that frictional 
effects will not extend any appreciable distance above the 
bottom boundary and that the level of no motion can be 


established as a relatively stationary surface that can be 
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used to calculate deep ocean currents. In fact, the deep 
calculations of the present study correspond remarkably 
well with the current structure described by Kolesnikov in 
following sections where he refers to Defant's (1961) descrip- 
tion of the deep North Atlantic water mass. They describe 
it as occupying an extensive part of the North Atlantic at 
depths greater than 1000m and extending in three traceable 
branches. The weakest branch is described as extending 
along the east Atlantic basin from the Canaries to the Cape 
Verde Islands and apparently penetrating to the Gulf of 
Guinea. The second or middle branch they depict as exten- 
ding south along the east slope of the mid-Atlantic ridge 
to 5°N. They describe the third and strongest branch as 
hugging the continental slope of North America and passing 
through the North Atlantic Basin to the east of the Antilles. 
These three features are detectable in Fig. 3 in the 
sections south of 40°N with the exception that no weak 


branch penetration is apparent near the Gulf of Guinea. 


oe CURRENTS 

The comparison of directly measured currents to the 
calculated geostrophic currents was made subject to the 
following rules: 

(1) After the directly-measured currents were converted, 
where necessary, to cm/sec and resolved into their 
meridional components they, along with their geo- 
strophic counterparts, were rounded to the nearest 


whole cm/sec. 
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(2) Comparisons were then classified into one of three 


categories: 


Designation 


a. Agreement in both direction 


and magnitude 0 0 
b. Agreement in direction but 
not magnitude O X 
c. Agreement in neither direction 
nor magnitude X X 
(3) Comparison of direction required no establishment of 


judgment criteria. Flows were either to the north 
SE to the south with northerly flow considered as in 
the + direction. Rounded current values of zero were 
counted as both + and - for direction comparisons. 

(4) Comparison of magnitude was made according to the 
hollowing criteria: 

a. Current speeds of less than or equal to 5 cm/sec 
were considered to be in agreement in magnitude 
Purechiw if they were already of the proper 
direction. 

b. Above 5 cm/sec a "doubling" rule was applied. 

If the smaller of two compared values was equal 

to at least half of the other, the two were 
considered as in agreement in magnitude. In 

these cases a prerequisite for proper direction 
was also made. Due to the range of measured 

and computed current values which fell, with 

some exceptions, primarily between 0 and 20 cm/sec, 
an order of magnitude approach would not have 


provided a meaningful comparison. 
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The geographic distribution of the 110 current values 
used to make the comparison is illustrated in Fig. 11. 

Data meeting the criteria for inclusion in this study 
are very sparse since they are only a portion of the already 
sparse body of data on directly-measured ocean currents. 

Seventy five percent of the data lie in the western 
Atlantic. The 16°N section has only 8 measurements, all in 
the same geographical location, and the 8°N section has 
none at all. It is perhaps fortunate that the concentra- 
tion occurred in the vicinity of the Gulf Stream since it 
is there that the level of no motion takes on its greatest 
importance when computing mass transport. 

An examination of those currents which fell within the 
approximate boundaries of the Gulf Stream (NAVOCEANO Pub. 700, 
1965 ) was made relative to the computed geostrophic currents. 
Of 20 such measurements, 85% were in the right direction 
and 77% of those were also of the right magnitude. However, 
ll of the 20 were surface measurements made in the Straits 
of Florida using free drop instruments for durations 
of only five minutes (Chew et al., 1971). Since this 
measurement technique was unique among the current data 
the same comparison was made with these measurements 
excluded. In this second comparison, 78% of the measure- 
ments were in the right direction and 71% of those were 


also of the right magnitude. 
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The distribution among the three classifications is 


shown in Table IV. 


TABLE IV 


Currents within the Gulf Stream 





O_O Ο 4 Kr 
13 4 3 (TOTAL) 
3 2 2 (WITHOUT STRAITS OF 


FLA. DATA) 


In either case, the comparison was favorable. 

For the entire region a series of comparisons were made 
between the measured and calculated current values. The 
first of these was the overall correlation. Of the 110 
compared values of current velocity, 75% are in the right 
direction and 73% of those are of the proper magnitude. 
Table V illustrates the breakdown by latitude and category 
of comparison. 

It should be noted that 9 of the 27 measurements which 
disagreed in both magnitude and direction were made at a 
single station at 32°N. The data for that station are 
taken from NAVOCEANO Pub. 700 (1965) and the date and 
duration of the measurement are unknown. However, the 
measurement is characterized as being of good reliability 
so it could not be eliminated under the criteria established 


in Section IV. 
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TABLE V 


Overall Current Comparison 


00 OX XX TOTAL POINTS 

40° 13 0 1 14 
(93%) (7 5) 

555 11 5 2 18 
(61%) (28%) (11%) 

32° 7 9 12 28 
PE (322) (433) 

215 23 7 12 42 
(55%) (17%) (29%) 

He 6 2 0 8 
ο πο 1255) 

85 0 0 0 0 
60 23 27 110 
eae ο (1003) 


The fact that more than half of the data correlated in 
both magnitude and direction in spite of the spread of 
data over several years was encouraging. 

The next examination of the data was a correlation 
by depth. 

Table VI shows the distribution of the 110 datum 


points by category and depth in 1000m increments. 
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DEPTH (m) 

0-1000 
1000-2000 
2000-3000 
3000-4000 
4000-5000 

> 5000 


TOTAL 


It is not surprising to find that the concentration of 
data drops off rapidly with increasing depth. 


Table VII 


Current Comparison by Depth; Distribution 


O O 


33 


60 


TABLE (VI) 


CATEGORY 

OX xX X TOTAL 
15 15 63 
3 8 20 
3 0 12 
2 1 6 
0 1 4 

ο. 2. 5 
23 27 110 


TOTAL CUMULATIVE 
PERCENT PERCENT 
57 57 
18 73 
I 86 
6 92 
2 96 
_4 100 


shows the distribution by category and 


depth in terms of percent per category in individual 


layers. 
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TABLE VII 


Current Comparison by Depth; Percentages 


CATEGORY 

A ο «ΟΣ σσ TOTAL 
0-1000 52% 24% 24% 100% 
1000-2000 45% 15% 40% 100% 
2000-3000 75% 25% 0% 1008 
3000-4000 50% 33% 17% 100% 
4000-5000 75% 0% 25% 1008 
> 5000 60% 0% 40% 1008 


The only significant observations to be made from the 
depth correlation attempt are that, (1) in all depth 
intervals, a majority of the data falls within the first 
category (agreement in direction and magnitude) and 
(2) in all depth intervals but one, this majority is equal 
to or greater than the number of datum points in the 
second and third categories combined. 

There does not appear to be a decrease in correlation 
with increasing depth as one might expect to find as a 
result of the difficulty involved in making accurate deep 


ocean measurements. If anything, it would appear that the 
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percentage of favorable comparisons generally increased 
with depth. However, the sparseness of datum points in 
levels below 3000m renders the use of percentage calculations 
less meaningful in those regions. 

Next examined was the difference in time of year between 
the IGY data and current measurements collection times, 
Table VIII shows this distribution by category and time 


separation. 


TABLE VIII 


Current Comparison by Season; Distribution 


RELATIVE TIME OF YEAR ο ο Dia xX X TOTAL 





Case I Within same month 10 4 3 I7 
Case II Within 1 month 8 4 10 22 
Case III Within 2-3 months 26 10 12 48 
Case IV within 4-6 months 16 5 2 Ὁ 

110 
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Table (IX) shows the individual and cumulative distribu- 


tion of the total in terms of percentages. 


TABLE IX 


Current Comparison by Season; Percentages 


RELATIVE TIME OF YEAR INDIVIDUAL CUMULATIVE 
within same month 15% 15% 
Within 1 month 20% 35% 
Within 2-3 months 443 79% 
within 4-6 months 21% 100% 


A favorable comparison occurred for all differences in 
collection times except for the data in Case II. However, 
it should be noted that the data within this group are 
heavily influenced by a single station. Nine of the ten X X 
(disagreement in direction and magnitude) datum points in 
Case II came from the same 32°N station which was discussed 
earlier in this section. 

Based on the data used for this study, it does not appear 
that seasonal time separation is a determining factor in the 
correlation of the measured and computed current velocities. 
Such a conclusion is made cautiously, however, due to the 
questionable assumption, inherent in an examination such as 
this, that environmental conditions are always similar for a 
given month. It must be noted that data shown here for a 


given month may have been taken in several different years. 
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In order to obtain a sufficient number of usable datum 
points to conduct this study, it is necessary to make use of 
all the available records of direct current measurements. 

It is interesting to examine the effect of the passage of 
years on the degree of correlation between the IGY data of 
the late 1950's and the measured current data of the 
coincident and subsequent years as illustrated in Table X 


by category and five-year time increments. 


TABLE X 


Current Comparison by Years; Distribution 


AINE OF DIRECT 


CURRENT MEASUREMENTS O O O X RER TOTAL 
1955-1959 19 4 2 25 
1960-1964 4 7 1 12 
1965-1969 24 7 12 43 
1970-1974 6 0 3 9 
89 


In this examination only 89 points are usable due to 
the elimination of those data for which the year of record 
was not available. Table XI shows the distribution in 
terms of percentage of the total for en time increments 
but for a slightly different representation of the categories. 


(Category 0 - shows all data which agrees in direction.) 
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TABLE ΧΙ 


Current Comparison by Years; Percentages 


DIRECT CURRENT MEASUREMENTS 00 = 
es5-1959 758 922 
1960-1964 332 92% 
065-1969 | 57% 72% 
1970-1974 662 663 


The best correlation [Table XI] in both direction and 
magnitude occurred for the time interval coinciding most 
nearly with that of the IGY data. No subsequent chrono- 
logical trend is apparent, but if agreement in direction is 
the only parameter considered, one does emerge as shown by 
the column headed 0 - . The agreement in direction is 
progressively poorer during the time intervals outside the 
decade which included the IGY. 

Pochapsky (1968) writes that, "Most of our knowledge on 
water movements in the deep ocean is derived from classical 
measurements of the temperatures and salinities present. 

Such measurements make it possible to calculate the average 
current structure... These determinations can only represent 
averages over times measured in years. Although relatively 

few measurements, scattered in time, are used, they are 
internally consistent and show little variation over periods 

of decades. This procedure thus reveals a reasonably stationary 


velocity structure." Based on the limited amount of data used 
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for this study, it would appear that the IGY data, as 
employed here, are able to represent long term averages in 
direction quite well. It is more difficult to make a 
conclusive statement concerning magnitude because of the 
subjective nature of establishing magnitude correlation 
criteria. 

Those measured currents which fell within the zone of 
the chosen level of no motion (900-1300m) were also examined. 
This provided another check on the validity of the choice 
of this reference level in addition to the check resulting 
from the net mass and salt fluxes converging toward zero in 
the computer output. | 

Eleven datum points fell within this zone and are 
displayed in Table XII. Eighty-two percent agreed with the 
calculated values in direction and 66% of these were also 


of the proper magnitude. 


TABLE XII 


Currents Near Level of No Motion 


DEPTH ο 0 O X x x TOTAL 


.900-1300m 6 3 2 11l 


While this agreement is reassuring, the data are 
insufficient for making generalizations about the location 
of the level of no motion. More substantial evidence 


supporting the chosen location lies elsewhere. 
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C. GENERAL CIRCULATION 

Figures 12 and 13 represent a proposed general circulation 
pattern for the North Atlantic Ocean above and below the level 
of no motion respectively. They are derived from the mass 
transport field as it appears in Figs. 2 and 3 in 5° 


increments of longitude. 
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VI. CONCLUSIONS 


There is considerable evidence that a geostrophically- 
calculated description of the North Atlantic general 
circulation, based on a level of no motion that lies near 
1100m, compares favorably when correlated by comparison to 
past transport estimates, past descriptions of the general 
circulation, and direct current measurements while having 
the singular advantage of maintaining the necessary continuity 
of total mass transport in the ocean. Salt transport 
continuity has also been observed in determining the 
configuration of the level of no motion that has been used 
in the geostrophic calculations. 

IGY hydrographic data exists for the areas to the north 
and south of the region examined in the present study. 
Similar examinations of these areas would provide information 
as to the extent of applicability of the level of no motion 


used herein to larger areas of the world's oceans. 
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APPENDIX A 


GEOSTROPHIC DATA 


STATION NUMBERS (Fuglister, 1960) 


station spacing (km) 
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16.09750 
4.30831 
20.40581 


ο. ο 


9.89 
250 

250 
ION 
ο". 


2.152102 


336-3335 


79°25'W 
0.93802 


ο 93802 


3621-3620 


174.13 
1000 

5500 

ΤΙ 5 
0.14679 
212.13362 
πα 99133 





2620-3619 


"35.87 
1000 

5500 

το 101 
=0207279 
42.38358 
92231079 


2616-3615 


184.30 


611 


272.93 
1000 
3250 
55°41'W 
19219 
239156 
050937 


2608-3607 


185.88 
1000 
2500 
48°14'W 
a 09368 
2793911 
2.84543 


3604-3603 


135.77 
1000 

4500 
40°54'W 
1.43658 
0.90880 
3: 47222 


3619-3618 


189. 34 
1100 

5000 

ος ο Ὁ 
1.44649 

- 109058302 
ο ου > 


3615-3624 


1858306 
1100 

5250 
61°08'W 
1.13580 
ο ΟΠΕ 
= B02 Coke 


36 118610 


169.69 
1100 
4750 

53 ΟΟ ΠΠ 
2.40805 
-0.24536 
ο ο” 


3607-3606 


184.13 
1000 
2500 
46°24'W 
ο; 
τα. 20151 
"ου" 5522 


3603-3602 


192581 
1000 
4500 
39°04'W 
23.18255 
20792738 
17.14283 


36122 617 


υπο ο 
1000 
5000 
66°28'W 
-7.43222 
22 230209 
15.06987 


361453613 


182751 
1000 
5250 
59718 W 
-2.44481 
3.499235 
1.05444 


3610-3609 


187.87 
1000 

4250 
51°55'w 
-3.88122 
-16.11387 
-19.99509 


360623605 


"ο 2 
1000 
3500 
44°35'W 
4207823 
SS og 
το eae 


3602-3601 


191.01: 
17700 


-6.83048 


3617-3616 


185.94 
1000 

2900 
64°47'W 
6.55479 
5 ΕΖ“ 
= 303007725 


3613-3612 


Sara 
1000 
5500 
53572300W 
=2. 73943 
7.39196 
4.61253 


3609=3608 


185283 
1000 
3750 
50°04'W 
3.002597 
= 1.399201 
2.16056 


3605-3604 


1877 55 
1000 
4250 
42°45'W 
=O, 72240 
9.96234 
9223992 


3601-3600 


184.18 
1100 

5000 

ο ο 
05645 
5156535 
=I6. 18283 





2600-3599 


125.81 
1100 
5500 
28 W 
537894 
6.45379 
5.07483 


Big 60-3595 


184.13 
1000 
4750 
2'ν 
mae 7206/7 
2253962 
0.80335 


292-3591 


2.02 
900 

22750 

232 28'W 
-0.20948 
12.037835 
0292837 


2098-3587 


21.96 
100 
100 


τος 


184.10 
1000 
3300 

ode oe Ἡ 
557 
169709568 
17.21401 


359537 3594 


ιν ΠΡ 
1100 
4750 
24°24'W 
2205 
ΙΕ 
το ο ο) 


339153390 


87:87 
500 

2500 
13232" W 
= 05255 
=02 79358 
232613 


BE 33'W - '16°20'W 


0225234 


-0.25234 


553} 


182.80 
1100 
5500 
29°48'W 
=0: 19966 
= 11923 
559 


399423993 


ισα el 
1100 
4000 
ΑΝ 
2221696 
το ο 
-4.44224 


35390293589 


67.65 
500 

1700 
17°40'W 
50551 
1.31246 
20.19743 


252/239226 


182.64 
1100 
32930 

ο ΠΗ 
τι 09827 
6.04878 
4295051 


3593-3592 


153531 
900 

3250 
20200 W 
-1.61447 
1922321 
0.31774 


23092 39088 


45.65 
300 

900 
17°00'W 
1.1.5472 
ΘΠ 
0.24273 





2120-309 


57.04 
300 

300 
61°00'W 
0.34769 


0.34769 


206-305 


147.91 
1000 
4750 

SIE 31'W 
=1.50137 
01825 
10.51688 


302-301 


153.24 
1100 
2750 
56'Ν 
3382 
-4.01508 
-4.54890 


28-297 


149.67 
1000 
2250 
46°25'W 
6 03221 
4.11062 
Z89259 


16°N 





309-308 


81.98 
1100 
4250 
60°28'W 
892716 
=3,25396 
2.67320 


305-304 


149.71 
1100 
4750 
56°08'W 
Causa sy 
-7.45278 
0:58559 


23015300 


146.11 
1000 
3000 
50°32" W 
505555 
4.56968 
1.47103 


29012236 


147.90 
1100 

3500 
45°01'W 
4.15470 
-11.06240 
Om. 07 7.0 


308-307 


85.60 
1100 
2000 
59°42'W 
2977120 
-2.28060 
-8.051380 


304-303 


146.21 
1000 
4500 
54°44'W 
-8.68485 
5.20652 
-3.47833 


2005299 


146.20 
1100 
3000 
49°10'W 
2527070 
=6n 28682 
-.υ16012 


29362295 


146.10 
1100 
4500 
43°38'W 
0.38320 
2.80120 
3.18940 


307-306 


0.06004 
-5.45413 


303=302 


149.69 
1100 
4500 
23722, W 
232897 
4.88782 
Ta71679 


2992293 


147.98 
1000 
2250 
47°48'W 
0.44437 
1590377 
2.34814 


295-294 


149.72 
1100 
4750 
42°16'W 
ΟΠ 
ο σου 
5.86546 








294-293 


146.16 
1100 

5000 
40°52'W 
170785 
EZ. 32393 
-10.61608 


290-289 


140.77 
1100 
5000 

ο 23'W 
-0.82168 
7.52803 
0635 


286-285 


5.30 
1100 

4250 

Zo 51 'W 
2.95146 
Bet. 21622 
-8.26476 


282-281 


55.31 
1000 
1100 
24°18'W 
-3.40635 
0.01468 
=3,39167 


28-277 


105.20 
1000 


0.62128 
2.80763 


293=292 


146.12 
1100 
4750 

ο οὐ Ἡ 
1991337 
=: 33639 
=3,82302 


289-288 


IZ 2 
1100 

5000 
34°04'W 
5.39459 
210, 59058 
ον 19599 


285-284 


142.61 
1000 
4500 
ΕΝ 
3293735 
16.66959 
12.73224 


2815280 


126.59 
1000 
1100 
ΕΝ 
OL SL 
20.03513 
2.57618 


ZO 


81.98 
500 

1600 
172755 ;W 
ου 9053 
5957082 
2.34029 


89 


2927291 


147.90 
1100 
4750 
38°08'W 
ΠΒ 
7.86149 
51.0371 


288-287 


137.99 
1000 

4750 
5 W 
-0.63624 
ΛΕ 
-10.56999 


284-283 


149.68 
1000 

4250 

27 ο W 
4.85432 
-14.96809 
το o7 J 


280-279 


151.49 
1100 
3500 
21°42'W 
0679367 
-3.67204 
=2,8783/ 


276-275 
31,083 


150 
150 


17°09'W - 16°48'W 


0752783 


πο 583 


291=290 


146.10 
1100 
5250 
36°45'W 
=2.41526 
16.31335 
13.83859 


287- 2826 


ic ao 
1100 
4250 
31°20'W 
176: 
1051971 
20989990 


283-282 


147.90 
1100 
3000 
25°41'W 
-0.03510 
3. 64079 
3.60569 


21-28 


147.89 
1000 
3250 
20°17'W 
4.48784 
20.77138 
3.71646 





184-183 


97 
500 

500 
57°42'W 
-0.32479 


2479 


νυ 179 


91.88 
800 

800 
54°18 'W 
eee 297 1 


2971 


760-175 


"91.79 
1100 
4250 
woe Ww 
239531 
20571457 
4.31926 


272-171 


T39. 16 
1000 
4250 
42°33'W 
0215808 
„20693 
22.96501 


268-167 


195. 62 
1100 
4250 
35°51L'W 
0.35451 
ο. 9393 
16.95004 





1332182 


1.012778 
1000 

2000 
OZ 
4.77310 
=11 09563 
=5.32253 


1702278 


USOS 
800 

800 
ZO Y 
6: 77907 


ο ο 0 


ποσα 4 


197.3] 
1100 
4250 
47°36'W 
ΙΡ 
34.20177 
29.97061 


10122170 


που το 
1000 
3750 
40°50'W 
=6,54503 
32.14363 
25.59860 


157-166 


196.64 
1100 
4000 
34°10'W 
2145493 
-2.34364 
Z3. 7/9857 


182-181 


86.29 
1000 
2250 
592 37W 
-7.40835 
6.54367 
-0.86469 


ο 7 


1 ο 
1000 
2250 
ο. δι 
=/.2974]7 
ο. ο ο 
το ο ο 


174-173 


05.52 
1100 

4250 
45°54'W 
3538316 
1914976 
-9.76660 


170-169 


182.04 
1100 
3750 
39°08'W 
6951258 
ο 95151 
6.83403 


166-163 


174.47 
1100 

4000 
32223 °"W 
0 55558 
-20.89746 
-21.45704 


ους 98 


967 10 
800 

1100 
DOLO 
=2.52705 
=1432347 
85051 


1772176 


1821095 
1100 
3750 
50°54'W 
1.40125 
τι ορ -- 
=0212226 


1731/2 


τσι 66062 
2290/194 


169-168. 


180.06 
1100 

4000 

By 20) 
-13.88036 
=29. 88167 
=4 3. 76203 


165-164 


181.81 
1100 
4250 
30°48'W 
72202997 
T: 935302 
14.95499 





164-163 


187.86 
1100 

4250 

2 09 *W 
ο. 90519 
6.59864 
=0.,30655 


1550-159 


97/00 
SO. 11716 


i26-155 


21.33 
1000 
5250 

ie 33 'W 
-7.14874 
0.50076 
E 24798 


163-162 


IS 22071 
1100 
4750 
27°27'W 
5.01347 
=5. 7/1207 
-0.69860 


1592198 


183.68 
1100 
4000 
20°40'W 
555; 
-4,11816 
-4.938649 


A 
44.11 


900 
950 


162- Bel 


192.86 
1100 
4750 
25°48'W 
5.45613 
=2252350 
2927163 


158-157 


180.04 
1100 
4250 

1ο ου 
5.997168 
20.20862 
26820031 


14°48'W - 14°24'W 


7.22141 
ο 9ο 
722139 


ο] 


161-160 


181.80 
1100 
4250 
24°03'W 
2.62207 
7.93895 
10256102 


ISSO 


191.05 


-7.71274 
55 





APPENDIX B 
TABULATION OF DIRECTLY MEASURED 
CURRENT DATA USED FOR THIS STUDY 


* Current values shown in this table have been resolved 
into meridional components and rounded to the nearest 
whole cm/sec. 


a Current values for which no year is shown are taken 
from NAVOCEANO Publication No. 700 (1965) 


ER Appendix C includes additional information including 
the sources of the measured current data 


xxx Correlation Category 





Designation 
OO = Agreement in both direction and magnitude 
O X = Agreement in direction but not magnitude 
XX = Agreement in neither direction nor magnitude 
40°N 
CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
πο -υτ.] (mat. Long.) (m) (cm/sec) (cm/sec) AI 
Jun 55 41°08'N,14°36'W 400 1 0 0 0 
man '55 41°08'N,14°36'W 900 =” 0 ο0 
Bun 55 41°09'N,14°36'W 630 1 0 ο0 
Jun '55 41°08'N,14°35'W 1100 -4 0 0 0 
May-Jul '58 41°25'N,14°30'W 1560 = 0 ο0 
May-Jul '58 41°25'nN,14°30'w 2120 -4 0 0 0 
May-Sul '58 41°25'N,14°30'W 2460 0 0 ο0 
May-Jul 1586 41°25'N,14°30'W 2760 0 0 0 0 
May-Jul '58 41°25'N,14°30'W 2940 ae 0 ο 0 
May-Jul 58 41°25'N,14°30'W 3680 -2 0 ο0 
May-Jul '58 41°25'N,14°30'W 4240 = 0 ο0 
Jun ‘69 40°34'N,65°31'W 3638 -4 to -14 -3 0 0 
Jun '69 39°41'N,63°48'W 4894 -6 to -9 = 0 0 
Jun '70 40°30'N,49°30'W 3780 4 -3 κ κ 


02 





36°N 


CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
CATEGORY 

(Mo.-Yr.) (Lat.-Long.) (m) (cm/sec) (cm/sec) 

ee '55 A LISO 9 0 0 X 
Aug '56 36°39'N,17°19'W 2900 -1 -1 0 0 
Nov '58 ο ο πι ο ο 1260 -3 5 00 
Nov '58 ο Νο οἱ πμ 1080 -5 0 ο0 
Nov 58 ΙΟ 1290 -7 -1 0X 
ua '59 36°50'N,68°30'W 1330 -9 0 0 X 
wan '59 36°47°'N,68°30'W 2160 -5 0 0 0 
May '60 359°32'N,62°58'W 2950  =8 -4 0 X 
May-Jun '60 35°15'N,62°42'W 2600 -9 -4 οκ 
May-Jun "60 35°11'N,62°11'W 2640 -4 -4 ο0 
Jun '60 35°06'N,61°36'W 3040 0 1l ο O0 
Jun '66 37°08'N,68°40'W 2440 1 0 0 0 
Jun-Aug '69 36°23'N,70°00'W 4286 10 -9 X X 
Mar '71 So ο 5 ο2".Ἡ 510 0 0 0 0 
Mar '71 ο 27,8 0 27W 924 4 3 0 0 
Mar '71 Somes Nel O2 ‘Ww 760 3 2 0 0 
Mar '71 36°16'N, 8°09 'W 1384 7 -4 X X 
Mar '71 Beene N, S-OL W 1100 3 3 00 


93 





32°N 





CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
CATEGORY 
(Mo.-Yr.) (Lat.-Long.) (m) (cm/sec) (cm/sec) 
Feb '60 32716 N; 64737 ° W 570 -] > 0 0 
Feb '60 BZ 45 N, 64> 32. 805 4 -1 X X 
Feb '60 32°17'N,64°34'W 1200 3 0 0 0 
Feb '60 ΘΙ οσο ν 1310 4 0 ο 0 
Mar 360 32°13'N,64°49'W 310 -4 -3 0 0 
Mar '60 32°24'N,64°59'W 440 8 -3 X X 
Apr '60 32°28'N,64°30'W 630 -12 -2 0X 
Bug '61 2157 NOS LL Ww 16 -7 -4 0 0 
Aug '6l A 1 τν 28 -10 -3 0 X 
Aug '61 3. 57:1,65°12’W 10 -36 -4 0X 
Aug '61 SI SEN, 65° 12% W 34 -25 -3 0 X 
Aug '61 οἱ δα οἱ τον 16 =27 -4 0 X 
Aug '6l 31°59'N,61°10'W 40 -21 -3 0 X 
Jun-Jul '64 34°26'N,69°47'W 5337 0 to 2 2 0 0 
Mar '67 ΕΘΝ 5 ος 1520 2 -1 X X 
May -- 722302N,65°00.W 0 44 -4 η 
May -- 922308: N; 65°00" W 50 26 =3 X X 
May -- 23227307N; 65°00'W 100 15 -3 X X 
May -- 82230 N- 65-00 W 200 EL -3 X X 
May -- 32°30'N,65°00'W 300 7 -3 X X 
May -- 32°30'N,65°00'W 400 7 -3 X X 
May -- S230 N, 65 οὐ N 600 7 =2 X X 
May -- ορ οὐ π, ο. 0ο Ἡ 800 13 -1 XE 
May -- 32°30'N,65°00'W 1000 -11 0 0 X 
May -- 32°30'N,65°00'W 1400 -4 l X X 
May -- 32°30'N,65°00'W 1600 4 i Ome 
May -- S2e00'N,65°12'W 11% -21 -4 0 X 
May -- 32 ος ο.» 12° W 38 -18 =3 0 X 
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24°N (ana 27°N) 


CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
CATEGORY 
(Mo.-Yr.) (Dat.-Eong.) (m) (cm/sec) (cm/sec) 
Jon Jul '65 25°31'N,72°33'W 50 4 to 22 9 0 0 
100 1 to 16 10 0 0 
2000) 11 το 25 11 0 0 
400 7 το 18 11 00 
600 7 čo 15 8 0 0 
800 4 to 15 5 00 
1200 4 to 15 -1 X-X 
1500 AO 15 -2 X X 
2000 4 to 11 -2 X X 
3000 4 to 7 0 0 0 
4750 4 to 11 3 0 0 
Jan-Feb '66 25°31'N,72°33'W 100 -31 10 X X 
200 -21 11 X X 
500 -10 10 X X 
2000 -5 -1 00 
3200 10 1 0 X 
3900 10 2 ος 
5380 -4 3 X X 
σαι '66 25°31'N,72°33'W 50 2 9 0 X 
100 10 10 00 
200 "5 η] 0 0 
600 Tl 8 0 0 
1200 1 -1 X X 
1166 25°32'N,72°32'W 400 6 a: 0 0 
800 13 5 0X 
1509 3 -2 X X 
3000 16. 0 0 X 
gün=-Jul '66 25°31'N,72°33'W 50 -1 9 RAR 
Sun '67 Bee SN O TA 0 129 103 0 0 
2) 25 Ν 19 δαν ο σος το 1717. 135 0 0 
O NO O LA ο οι το 190 155 0 0 
27179251N, 79°48'W ο. δα το 194 155 0 0 
27°25'N;799°45'W 0 153 155 0 0 
ον 5. ο το WW 0 149 202 ο0 
ΡΠ: 0 96 89 0 0 
2E2252N, 79226 'W 0 do 5 -23 X X 
AS LON ZW 0 54 to 58 7, O X 
ZIS25°N, 179°14'W 0 30 to 45 12 0 X 
222571, 79208°'N 0 5 7 0 0 
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24°N (and 27’N) - Concluded 











CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
CATEGORY 
(Mo.-Yr.) (Gat. Long.) (m) (cm/sec) (cm/sec) 
Jan-Apr '71 22°15'N,67°18'W 5201 -1 to -4 -2 0 0 
Νον 71 - 
Jun *72 5 2ο 1 ος 0ο 5352 11 8 ο 0 
Νον 71 - 
son '72 23°48'N,68°38'W 5290 -5 7 X 
16°N 
CORRELA- 
DATE POSITION DEPTH MEASURED CALCULATED TION 
CATEGORY 
(Mo.-Yr.) (Lat.-Long.) (m) (cm/sec) (cm/sec) 
Feb -- 16°48'N,46°18'W 0 -12 -14 0 0 
15 -16 -14 0 0 
50 -15 -13 0O 0 
100 -13 -11 0 0 
300 -9 -4 0X 
500 -7 -3 0X 
800 0 -2 00 
Feb -- 16°48'N,46°18'W 800 -4 -2 0 0 
8N 
NONE 
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